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(57) ABSTRACT

In a traditional hybrid air engine it is complicated to adjust
valve timing to compensate for different engine operating
modes. Provided is an air compression method and apparatus.
The air compression method can be carried out in a single
stage with a plurality of air tanks (61, 63) coupled to a com-
pressor (51). The compressor (51) may be a cylinder Air is
added to the compressor (51) at atmospheric pressure. Pres-
surized air is then added to the compressor (51) from a low
pressure air tank (61). The compressor (51) compresses the
air and transfers a portion of it to a high pressure air tank (63).
The remaining portion of the compressed air is transferred to
the low pressure air tank (61) for use in the next compression
cycle A cam shaft (27) having a two stroke cam (93) and a four
stroke cam (95) for each intake valve (59) and exhaust valve
(55, 57) is provided to control valve timing during different
operating modes.

19 Claims, 33 Drawing Sheets
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1
AIR COMPRESSION METHOD AND
APPARATUS

FIELD OF THE INVENTION

The present invention relates to air compression. The
present invention more specifically relates to a method of
compressing air using a plurality of air tanks. The invention
relates more particularly to an air compression apparatus.

BACKGROUND OF THE INVENTION

There are two types of reciprocating compressors in the
market: single stage (shown in FIG. 1) and multi stage com-
pressors (for example the double stage compressor shown in
FIG. 2). The working pressure of single stage compressors is
limited to under 150 psi. If higher working pressure is
required, as in many heavy duty applications, then switching
to double or multi stage compressors is inevitable.

FIG. 2 illustrates a typical double stage reciprocating com-
pressor. In double stage compression strategy, the compres-
sion process is broken up into two stages. In the first stage, the
cylinder receives the fresh air at atmospheric pressure and
compresses it using a piston. The compressed air is urged into
alow pressure air tank (an intercooler) where some of the heat
produced by compression is removed. The air is then chan-
nelled to a second cylinder, where it is compressed further to
the desired pressure. The air is then channelled to a high
pressure air tank for storage. Since the double stage compres-
sors consist of a minimum of two cylinders, they weigh more
than single stage compressors. They also have higher energy
loss due to the higher piston cylinder friction.

Meanwhile, the automotive industry has seen itself in a
marathon of advancement during the last decade. This is
partly due to the global environmental concerns on the
increase of air pollution and decrease of fossil fuel resources.
The next generation of vehicles must be cleaner and more
efficient than the current conventional ones. To this end,
vehicle manufacturers have tried different innovations: pure
electric, fuel cell and hybrid electric vehicles. The pure elec-
tric and fuel cell vehicles have not yet proven to be a conve-
nient solution to environmental problems. Compared to con-
ventional vehicles, the traveling range of pure electric
vehicles is very low due to the use of batteries, which provide
a limited source of energy. On the other hand, it has not yet
been possible to commercialize fuel cell technology.

Hybrid electric vehicles have overcome the production
limits of pure electric and fuel cell vehicles and are regarded
as one of the most effective and feasible solution to environ-
mental concerns. Despite the beneficial improvements that
this kind of vehicle provides, there are some serious concerns
about their high manufacturing price, complexity and limited
battery life.

Typical air hybrid engines operate similarly to typical
hybrid electric engines. FIG. 3 illustrates the interconnection
between components of a typical air hybrid engine. The air
hybrid engine uses two energy sources, fuel and pressurized
air. The air hybrid engine absorbs a vehicle’s kinetic energy
while braking and stores it in the form of compressed air to a
storage tank. The compressed air is then used while acceler-
ating. The air is compressed using a single stage compression
approach.

FIG. 4 illustrates a cross-sectional view of one example of
an air hybrid engine. A typical air hybrid engine has an extra
valve per cylinder relative to a traditional four stroke engine,
which connects each cylinder to the air tank. During braking,
this extra valve opens and the exhaust valve closes, allowing
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2

the engine to work as an air compressor, charging the air tank
with high pressure air. This pressurized air can later be used to
drive the internal combustion engine as an air motor, or it can
be used in the combustion process during high energy
demand leading to a higher efficiency relative to a fuel-only
drive.

Air hybrid engines are typically more efficient than con-
ventional engines because they recover the vehicle’s kinetic
energy while braking, reduce fuel consumption during a cold
start, and enable the engine to work with higher pressure than
conventional engines.

A typical air hybrid engine has five modes, namely the
compression mode, the air motor mode, air power assisted
mode (supercharged) and combustion (conventional) and
start up mode.

The compression mode is illustrated in FIG. 5. This mode
is activated when the driver applies the brake pedal. In this
mode, fuel is shut off and the engine works as a two stroke air
compressor and the piston compresses the air into the air tank
while the exhaust valve remains deactivated, storing the vehi-
cle’s kinetic energy in the shape of pressurized air in the air
tank.

The air motor mode is shown in the FIG. 6. The valve
between the air tank and the cylinder opens, allowing the
pressurized air to run the engine as a two stroke air motor.
This mode is activated when the power demand is low or at
cold start to avoid high fuel consumption.

The air power assisted mode (supercharged) is shown in
FIG. 7 and is activated when the desired torque is high. The
intake valve is deactivated and pressurized air is delivered
from the air tank leading to a more efficient combustion
process in the cylinder. The engine is provided with pressur-
ized air from the air tank instead of from the atmosphere. The
mass of fuel and air entering the engine cylinders is increased,
which in turn increases the produced power significantly in
this mode. In contrast to typical supercharged engines which
have lower efficiency at low speeds and loads, air hybrid
engines can be supercharged at any operating point thanks to
stored air in the air tank. Conventional mode is also activated
when the desired load is moderate or the air tank pressure is
relatively low or empty. The stored air in the air tank can also
be used to run the engine at cold start. This mode is the start
up mode.

In the combustion mode, the air tank valve is closed while
the intake and exhaust valves are used for enabling driving of
the engine as a typical four stroke engine.

As is commonly known, in typical city driving (where stop
and go driving is common) a significant fraction of energy is
consumed in braking. For instance, in EPA FTP75 urban
driving cycle approximately 40% of the energy is wasted
while braking. Thus, if the braking system can recover the
braking energy, the vehicle energy consumption will be
reduced significantly. Air hybrid engines have been devel-
oped to capture and store the braking energy for further use.

The ideal air cycle of the single tank system is shown in
FIG. 8. When the piston is at the Bottom Dead Center (BDC),
the intake valve closes. The piston starts moving up to the Top
Dead Center (TDC) and compresses the air adiabatically.

The charging valve opens when the air pressure in the
cylinder equals the tank pressure. At this time, air enters the
tank in a constant pressure process, assuming that the air tank
is bigenough and its pressure does not change while charging.
The charging valve closes when the piston is at TDC. The
piston moves down and the intake valve opens when the
pressure in the cylinder equals the atmospheric pressure. The
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aforementioned cycle is the ideal cycle and has the highest
stored air mass in the air tank to the consumed energy ratio
comparing to any other cycle.

The maximum amount of air mass that can be stored in the
air tank is limited, based on the following relation:

P 4
Moz = ch"—””R Vienk M.,
atm

where R is the ideal gas constant, V., is the air tank volume,
M is the air molecular mass, and C, is the cylinder compres-
sion ratio. Setting the maximum allowable temperature of the
air tank, its maximum pressure also can be defined based on
the above equation. By increasing the cylinder compression
ratio, the capacity of energy storing can be increased, how-
ever this will result in higher temperature which deteriorates
the efficiency of the system.

The above relation can be proven with reference to FIG. 8.
Suppose that the air tank is already full and its pressure and
temperature are P, . and T, .. Air tank pressure and tem-
perature are related based on equation (1), by the following
relation:

J 2
Pt = ar;n tank C, (2)
atm
At point 1, the air mass inside the cylinder is:
my = Parmvcyl (3)
' R

Considering adiabatic compression and ideal mixing of
gases, cylinder pressure at the arbitrary point 2 is:

Ve Y PonT, 4)
Pa,m(‘%’) Ve Sy G
atm

P, =

V* + Ve

and the temperature at point 2 is

Pt Trank (5)

Veyr k
Pa,m(i] ver e

v atm
Ve Y
Pan| 22| v
mm( Vv ) 4 lom

T chl 1 Tomm
am| 37

T, =

Viank Cr

Air pressure and temperature at point 3 are defined by
equations (6) and (7).

(@]
Vo

Py =P ———
Viank + C,

Viank + v ]k

o
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The charging valve closes at point 3 so the amount of air
mass trapped in the cylinder dead volume can be found as
follows:

®

Mirapped =

By plugging equations (6) and (7) into equation (8), the
trapped mass in the cylinder dead volume becomes:

Potm Vet ®

Mirgpped = RT
am

equaling the amount of air mass entered into the cylinder at
point ‘1°. This proves that the maximum amount of air mass
in the air tank is limited by equation (1).

The above mentioned braking cycle can be used to model
regenerative braking, as illustrated in FIG. 9 of a typical air
hybrid engine vehicle with the specification shown in Table 1,
which models a 1400 kg vehicle decelerating from 90 km/hr
to 10 kn/hr using only regenerative braking.

TABLE 1
Vehicle Mass 1400 kg
Vehicle Initial Velocity 90 km/hr
Vehicle Final Velocity 10 km/hr
Transmition Ratio 5.7
Cylinder Volume 2L
Air Tank Volume 30 L
Air Tank Temperature 750 K
Air Tank Initial Pressure 1 bar
Compression Ratio 10

FIG. 10 illustrates the pressure profile in the air tank versus
time for a typical air hybrid engine implementation. As can be
seen, the pressure in the storage increases but there is a limit
for the pressure in the air tank. In a particular implementation,
the pressure in the air tank builds up to 25 bar but it cannot go
further beyond this value. Furthermore, the efficiency of
regenerative braking is limited in this implementation to
about 22% and the braking time (using only regenerative
braking) is about 17.1 s.

Capturing 22% of the vehicle’s kinetic energy is signifi-
cant, however storage could be improved to enhance effi-
ciency. There are two options to increase the capacity of
energy storing in the air tank, either using a higher volume
tank or increasing the pressure. Increasing the volume of the
tank is not a viable solution due to the lack of the space in the
vehicle. On the other hand, increasing the pressure is not
achievable in current air hybrids because, the maximum pres-
sure is limited by the engine compression ratio.

Furthermore, in contrast with conventional engines which
have only one mode of operation (combustion), air hybrid
engines have five modes of operation as described above. At
each mode, a different type of cycle should be followed, with
each cycle having different valve timing. Thus a camless
valvetrain is typically required for air hybrid engine control.

A conventional valvetrain limits the performance of an
engine but has more operational advantages over a camless
valvetrain because valve motion is governed by the cam pro-
file, which is typically designed to have low seating velocity.
Seating velocity in the camshaft design is limited below 0.5
m/s. The valve’s low seating velocity leads to durability and
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low noise. In contrast, a typical camless valvetrain, which has
no mechanical connection with engine, introduces a difficult
control problem. Control techniques should be applied to
perform both accurate valve timing and low seating velocity
[4,7]. This introduces a very complicated problem, especially
in the case of an air hybrid engine, in which the valve timing
changes to compensate for different desired loads. The con-
troller therefore must be robust enough to account for engine
speed, tank pressure and desired torque variations.

What is required, therefore, is a method for more optimally
compressing air. What is also required is an air hybrid engine
operable to more optimally compress air than current air
hybrid engines. A more optimal camless valvetrain would
also be beneficial for controlling air hybrid engines.

SUMMARY OF THE INVENTION

The present invention relates to air compression, and more
specifically relates to a method of compressing air using an air
compression apparatus with a plurality of air tanks. In an
aspect, there is provided a method of compressing air, the
method characterized by: (a) adding air to a compressor at a
first pressure from an air intake valve; (b) adding air to the
compressor at a second pressure greater than the first pressure
from a first air tank; (c¢) adiabatically compressing the air in
the compressor; (d) transferring a portion of the compressed
air to a second air tank; and (e) transferring the remaining
portion of the compressed air tank to the first air tank.

In this respect, before explaining at least one embodiment
of the invention in detail, it is to be understood that the
invention is not limited in its application to the details of
construction and to the arrangements of the components set
forth in the following description or illustrated in the draw-
ings. The invention is capable of other embodiments and of
being practiced and carried out in various ways. Also, it is to
be understood that the phraseology and terminology
employed herein are for the purpose of description and should
not be regarded as limiting.

DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a typical double stage reciprocating com-
pressor.

FIG. 2 illustrates a typical double stage compressor.

FIG. 3 illustrates the interconnection between components
of a typical air hybrid engine.

FIG. 4 illustrates a cross-sectional view of one example of
an air hybrid engine.

FIG. 5 illustrates the compression mode of an air hybrid
engine.

FIG. 6 illustrates the air motor mode of an air hybrid
engine.

FIG. 7 illustrates the air power assisted mode (super-
charged) of an air hybrid engine.

FIG. 8 illustrates the ideal air cycle of the single tank
system.

FIG. 9 illustrates a typical air hybrid engine during regen-
erative braking.

FIG. 10 illustrates the pressure profile in the air tank versus
time for a typical air hybrid engine implementation.

FIG. 11 illustrates a double tank compressor with which
the method of the present invention is operable.

FIG. 12 illustrates a reciprocating double tank compressor
with cam-based valves ‘1’ and “2°.

FIG. 13 illustrates valve timing for valves ‘1’ and “2’.

FIG. 14 illustrates the outlet pressure of each of the com-
pressors.
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FIG. 15 illustrates the outlet flow rate of each of the com-
pressors.

FIG. 16 illustrates the consumed energy for each of the
compressors.

FIG. 17 illustrates implementation of a single stage double
tank compression in a Vane type rotary compressor.

FIG. 18 illustrates the first stage of the method provided by
the present invention, in one aspect thereof.

FIG. 19 illustrates the second stage of the method provided
by the present invention, in one aspect thereof.

FIG. 20 illustrates the third stage of the method provided
by the present invention, in one aspect thereof.

FIG. 21 illustrates the fourth stage of the method provided
by the present invention, in one aspect thereof.

FIG. 22 illustrates the fifth stage of the method provided by
the present invention, in one aspect thereof.

FIG. 23 illustrates the sixth stage of the method provided
by the present invention, in one aspect thereof.

FIG. 24 illustrates the pressure in the HP in a particular
implementation of the present invention.

FIG. 25 illustrates braking force versus time in a particular
implementation of the present invention.

FIG. 26 illustrates an n tank implementation.

FIG. 27 illustrates the charging valves of all the tanks
opening and closing in reverse order one by one from the main
storage to the first storage.

FIG. 28 illustrates an example of the performance of regen-
erative braking using a varying number of tanks.

FIG. 29 illustrates the efficiency of regenerative braking
related to different initial velocities, for different number of
tanks.

FIG. 30 illustrates the air hybrid engine model in GT-
Power with only one storage tank.

FIG. 31 illustrates vehicle velocity in the main tank during
braking.

FIG. 32 illustrates air pressure in the main tank during
braking.

FIG. 33 illustrates the same air hybrid engine model in
GT-Power with two storage tanks.

FIG. 34 illustrates the vehicle velocity in the main tank
during braking.

FIG. 35 illustrates the air pressure in the main tank during
braking.

FIG. 36 illustrates a test apparatus for verifying a single
state double tank engine apparatus of the present invention.

FIG. 37 illustrates a cylinder head configuration.

FIG. 38 illustrates approximate valve timing of single tank
and double tank compression strategies respectively based on
crank angle.

FIG. 39 illustrates a mathematical model and experimental
results for HP tank pressure.

FIG. 40 illustrates HP tank pressure increasing to more
than 4 bar after 60 seconds for double tank system.

FIG. 41 illustrates the LP tank pressure variation.

FIG. 42 shows the experimental results for single tank and
double tank compression after 120 seconds.

FIG. 43 illustrates the camless valvetrain of the present
invention, in one aspect thereof.

FIG. 44 illustrates the configuration during braking.

FIG. 45 illustrates the system configuration in the engine
conventional mode.

FIG. 46 illustrates the system configuration in the air motor
mode.

FIG. 47 illustrates the system configuration in the air assist
(supercharged) mode.

FIG. 48 illustrates a perspective view of a cam shaft
arrangement in accordance with the present invention.
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FIG. 49 illustrates directional air flow regulators disposed
in the connecting means between the HP, LP, intake manifold
and the cylinder.

FIG. 50 illustrates the valve configuration and air flow in
compression mode.

FIG. 51 shows the timing of the valve ‘2” which is intro-
duced by one of the two-stroke cams.

FIG. 52 illustrates the valve configuration and air flow in
conventional (combustion) mode.

FIG. 53 illustrates valve timing when four-stroke cam fol-
lowers are coupled to the engine valves.

FIG. 54 illustrates the valve configuration and air flow in
start up mode.

FIG. 55 illustrates valve timing when two-stroke cam fol-
lowers are coupled to the engine valves.

FIG. 56 illustrates a test apparatus for verifying the semi-
flexible valvetrain of the present invention.

FIG. 57 illustrates the HP tank pressure after 180 s at an
engine speed of 42 rpm.

FIG. 58 illustrates the HP tank pressure after 180 s at an
engine speed of 82 rpm.

FIG. 59 shows the P-V diagram of the air in the cylinder.

FIG. 60 illustrates a series configuration for powering elec-
trical accessories.

FIG. 61 illustrates a parallel configuration for powering
electrical accessories.

FIG. 62 illustrates a typical multistage compressor.

FIG. 63 illustrates a multi-tank compressor of the present
invention, in one aspect thereof.

FIG. 64 illustrates a front view of the cam shaft arrange-
ment previously shown in FIG. 48.

FIG. 65 illustrates a cross sectional side view of the cam
shaft arrangement previously shown in FI1G. 64 along the line
65-65.

DETAILED DESCRIPTION

The present invention provides a single stage, double tank
method of compressing air. The method requires compression
of air by only one stage and as few as one cylinder, using a
plurality of air tanks. The method comprises: (i) adding air to
the cylinder at a first pressure, for example atmospheric pres-
sure, from an air intake valve; (ii) adding air to the cylinder at
a second pressure greater than the first pressure from a first air
tank, for example a low pressure air tank; (iii) adiabatically
compressing the air in the cylinder, for example by moving its
piston toward top-dead-centre, (iv) transferring a portion of
the compressed air to a second air tank, for example a high
pressure air tank; and (v) transferring the remaining portion
of'the compressed air to the first air tank. The method can be
repeated for further air compression in the second air tank.

The air compression method provided by the present
invention can be implemented in an air hybrid engine, a
reciprocal compressor, a Vane compressor. In an air hybrid
engine, the method can be used in compression mode. The air
compressed using the air compression method of the present
invention can be also used to power an air powered device,
including an air motor, air hybrid engine, a pneumatic tool,
etc.

The present invention provides an air hybrid engine having
a plurality of air tanks. The plurality of air tanks includes at
least one low pressure air tank and a high pressure air tank.
The use of the at least one low pressure air tank enables the
high pressure air tank to achieve additional air pressure per
engine cycle when the engine is in compression mode as
compared to the prior art. The use of two air tanks can be
shown to enhance the amount of a vehicle’s kinetic energy to
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be captured and stored during braking (in compression mode)
and to beused later (for example, in air motor mode, air power
assisted mode (supercharged), start up mode, or for powering
accessories).

Inone example implementation of the present invention, an
air hybrid engine comprises an intake manifold, an exhaust
manifold, a low pressure air tank, a high pressure air tank, a
plurality of cylinders, and a cam shatft.

Each cylinder generally has a piston, a first and second
intake valve, and a first and second exhaust valve. The first
intake valve selectively enables air flow (i) between the intake
manifold and the cylinder or (ii) from the cylinder to the high
pressure air tank. The second intake valve selectively enables
air flow (1) from the intake to the cylinder or (ii) from the high
pressure air tank to the cylinder. The first exhaust valve selec-
tively enables air flow (i) between the exhaust manifold and
the cylinder or (ii) from the cylinder to the low pressure air
tank. The second exhaust valve selectively enables air flow (i)
from the low pressure air tank to the cylinder or (ii) between
the exhaust manifold and the cylinder. One way air flow may
be implemented by adapting a directional air flow regulator
along the air flow path to be regulated. The directional air flow
regulator may, for example, be a check valve.

The cam shaft is provided with both a two stroke cam and
a four stroke cam for each intake valve and exhaust valve. The
cam shaft is movable from a first position coupling the two
stroke cams to the intake valves and exhaust valves and a
second position coupling the four stroke cams to the intake
valves and exhaust valves. By moving the cam shaft as appro-
priate for the engine mode in operation, the air hybrid engine
selectively charges, discharges and stores air in the low pres-
sure air tank and high pressure air tank.

In another example implementation of the present inven-
tion, an air hybrid engine comprises an intake manifold, an
exhaust manifold, at least one low pressure air tank, a high
pressure air tank and a plurality of cylinders. The air hybrid
engine may have a camless valvetrain with flexible timing at
different modes of engine operation.

Each cylinder has a piston and two or more valves for
selectively enabling air flow between the cylinder and the
intake manifold, exhaust manifold, the at least one low pres-
sure air tank and the high pressure air tank for selectively
charging, discharging and storing air in the low pressure air
tank and high pressure air tank. The selective enablement of
air flow is described more fully below.

The means for selectively enabling air flow between the
cylinder and the manifolds/air tanks can be provided by
intake, exhaust, low pressure air tank, and high pressure air
tank valves disposed on the cylinder. It could also be provided
by disposing two intake and two exhaust valves on the cylin-
der, a three-way valve connected to each of the intake valves
permitting air flow therebetween, and two more three-way
valves connected to each of the exhaust valves permitting air
flow therebetween. Each of the three-way valves connected to
the intake valves is further connected to both the high pressure
air tank and the intake manifold for selectively permitting air
flow therebetween. Each of the three-way valves connected to
the exhaust valves is further connected to both the low pres-
sure air tank and the exhaust manifold for selectively permit-
ting air flow therebetween. The three-way valves can be con-
trolled by a timing means, such as a solenoid, for selectively
permitting air flow between the manifolds/air tanks and the
valves based on the engine mode in operation. In the latter
implementation, the air hybrid engine can be adapted to an
existing four cylinder engine having two intake and two
exhaust valves.
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The present invention also provides a multi-tank technique
for using the stored, compressed air in an air hybrid engine.

The present invention also provides a means for driving a
vehicle’s engine accessories for example by means of an air
motor connected to the high pressure tank to which accesso-
ries are connected.

The single stage, double tank method of compressing air
can be applied to typical reciprocating compressors. This
enables the present invention to provide the advantages of
double stage compression (higher output pressure and flow
rate compared to the single tank compression) while requir-
ing similar energy consumption, lower weight and lower fric-
tion compared to a typical double stage compressors.

FIG. 11 illustrates a double tank compressor with which
the method of the present invention is operable. The compres-
sor includes a single cylinder 11, an air intake valve 13, a low
pressure air tank (LP) 15 connected by a LP valve 17 and a
high pressure air tank (HP) 19 connected by a HP valve 21.
The LP 15 may be similar in size as in prior art double stage
compressors, and is operable to provide intercooling. The LP
valve 17 could be either fully flexible valve as shown in FIG.
11, such as an electro-hydraulic or electromagnetic valve, or
it can be cam-based valve as shown in FIG. 12.

Directional air flow regulators, such as check valves, may
be provided for enabling air flow only from the intake to the
cylinder and not vice versa, and only from the cylinder to the
HP and not vice versa.

FIG. 12 illustrates a reciprocating double tank compressor
with cam-based valves 23 and 25. FIG. 13 illustrates valve
timing for valves 23 and 25. Cam-based valves 23 and 25 may
be coupled to a crank shaft through the cam shaft 27. Each
valve may be open for at least 150° of Cam Angle Degree
(CAD). Note that the timings shown in FIG. 13 are approxi-
mate and may be optimized for the particular application.

As the piston 29 moves down, both LP valves are closed
and atmospheric fresh air fills the cylinder 31 through the
intake check valve 33. When the piston is at BDC, valve 23 is
opened and more air enters the cylinder if the LP tank pres-
sure is higher than the cylinder pressure. Air is prevented from
exiting the cylinder by intake check valve 33 and exhaust
check valve 35. When the piston begins to move up, the air in
the cylinder compresses adiabatically. Once the pressure in
the cylinder reaches the pressure of the LP valve, the check
valve 37 closes, preventing air flow from the cylinder to the
LP 15 through valve 23. Once the pressure in the cylinder
exceeds the pressure in the HP 19 (shown in FIG. 12), the HP
check valve 21 is opened. The HP 19 is charged by the
pressurized air in the cylinder 11 until the cam-based valve 25
is opened. After opening of valve 25, the LP 15 is charged by
the remaining of the pressurized air in the cylinder 11 and the
HP check valve 21 is closed because the cylinder pressure
drops below the HP pressure. Valve 23 may be open for at
least 150° of CAD, however there may be flow between LP 15
and the cylinder 11 if and only if the pressure in the cylinder
11 is higher than the LP pressure. The cylinder pressure drops
as soon as the piston 29 starts moving down and air flow from
the LP 15 to the cylinder 11 is prevented by the check valve
39.

The single stage, double tank method of compressing air in
accordance with the present invention can be shown to be
advantageous over prior art methods. Tables 2, 3 and 4 show
characteristics of simulated prior art single stage, prior art
double stage and single stage double tank compressors (in
accordance with the present invention). As can be seen, all of
the compressors have the same cylinder characteristics. The
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second cylinder of the double stage compressor is chosen
relative to the characteristic of the first cylinder. The outlet
pressure is set at 13 bar.

TABLE 2

Single stage compressor

Displacement volume 278 cc
Dead volume 30 cc
Compressor speed 3000 rpm
Tank volume 301

TABLE 3
Double stage compressor
1% chamber displacement volume 278 cc
1% chamber dead volume 30 cc
274 chamber displacement volume 84 cc
274 chamber dead volume 10 cc
Tank volume 301
Intercooler volume 11
TABLE 4
Double tank compressor
Displacement volume 278 cc
Dead volume 30 cc
Compressor speed 3000 rpm
Tank volume 301

Auxiliary tank volume 11

Notably, the excessive friction of double stage compressor
due to having double piston-cylinder friction is not included
in the simulations. Thus, the simulated energy consumption
of the double stage compressor is underestimated and its
actual energy consumption is closed to that of a double tank
compressor.

FIG. 14 illustrates the outlet pressure of each of the com-
pressors. As can be seen, double stage and double tank com-
pressors reach to their maximum working pressure at sub-
stantially the same time. However, it takes much longer time
for the single tank compressor to reach to the working pres-
sure. Thus, the single stage, double tank compressor is oper-
able to provide similar compression capability as the prior art
double stage compressor with significant savings in size,
weight and cost.

FIG. 15 illustrates the outlet flow rate of each of the com-
pressors. As can be seen, the double tank and double stage
compressors have substantially the same outlet flow rate.
However, the outlet flow rate of a single tank system is not
comparable to neither of the double stage and double tank
compressors.

FIG. 16 illustrates the consumed energy for each of the
compressors. As can be seen, double stage and double tank
compressors have substantially the same energy consump-
tion.

The results obtained by the simulations and experiments
show that the double tank compressors have the almost the
same performance as the double stage compressors in terms
of'outlet pressure, flow rate and energy consumption with half
of the weight and complexity. This introduces a significant
advantage for the double tank compressors compared to the
double stage compressors, especially for industrial recipro-
cating compressors where the compressor price is a function
of'its weight.



US 9,074,588 B2

11

Thus the compression system having a plurality of air tanks
provides several advantages over the multistage compressor
of the prior art. For example, there is no need for an extra
cylinder which reduces the space required for the compressor
and associated mechanical linkages. The use of a single cyl-
inder also reduces the compressor friction and leads to higher
efficiency. The use of a single cylinder cycle instead of two or
more cycles also increases efficiency. Furthermore, piping
may be significantly reduced over the multistage compressor.
An air compressor in accordance with the present invention
provides increased pressure with less parts and therefore less
cost than prior art air compressors.

It should also be noted that the compression system having
aplurality of air tanks is operable with either fixed or variable
valve timing.

The single stage double tank compression method can also
be implemented in a Vane type rotary compressor. FIG. 17
illustrates implementation of a single stage double tank com-
pression in a Vane type rotary compressor. In this type of
compressor, atmospheric air enters the largest compartment
41 of the vane housing. As the vane shaft rotates, the com-
partment becomes disconnected from the inlet and connected
to the LP 43. Thus, the pressure in the compartment 41
increases not only because of the vane shaft rotation, but also
because of' the air flow 45 from the LP to the compartment. As
the vane shaft rotates, the size of the compartment gets
smaller and smaller and ultimately, the compartment gets
connected to the compressor outlet 47. After passing the
outlet 47, there is still enough pressure in the compartment to
charge 49 the LP 43 as shown in FIG. 17. In order to increase
the efficiency of the process, LP tank could be cooled down
either by air or liquid coolant.

The air compression method provided by the present
invention can be implemented in an air hybrid engine.

In accordance with the present invention, in one aspect
thereof, an air hybrid engine apparatus having a plurality of
air storage tanks is provided for increasing the storing pres-
sure among the air tanks. For example, two air tanks may be
provided, one low pressure air tank (LP) and one high pres-
sure air tank (HP).

FIGS. 18 to 22 illustrate a cylinder of an air hybrid engine
connected to a low pressure air tank and a high pressure air
tank in accordance with the present invention. FIGS. 8 to 22
illustrate in particular the air hybrid engine operating in com-
pression mode for charging the LP and HP with pressurized
air.

The cylinder 51 has a piston 53, an intake valve 59, a low
pressure air tank valve 55 and a high pressure air tank valve
57. Air to the intake, the low pressure air tank and the high
pressure air tank may be connected to the valves by connect-
ing means permitting air flow therebetween. The connecting
means may be tubes, pipes or manifolds. It should be noted
that the typical air and fuel supplies and an exhaust system, as
well as other parts, may be connected to the engine apparatus
and are not shown.

In the example wherein two storage tanks are provided,
each cylinder of the engine may have a plurality of valves,
including an intake valve 59 for receiving an air/fuel mixture,
an exhaust valve (not shown) for expelling exhaust, a LP
valve 55 for transferring gases between the cylinder 51 and
LP 61, and a HP valve 57 for transferring gases between the
cylinder 51 and HP 63. The LP 61 and the HP 63 may be
linked to the LP valve 55 and HP valve 57 respectively, by the
connecting means such as tubes, pipes, or manifolds men-
tioned above.

The plurality of storage tanks may be used in accordance
with a regenerative braking procedure in compression mode.
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The following description illustrates the regenerative braking
procedure in five stages occurring in one rotation of an engine
with one cylinder, but it should be understood that the same
could be used for each cylinder in the engine apparatus and
that the cycle would repeat for each subsequent cycle.

FIG. 18 illustrates the first stage of compression mode. In
this stage, the intake valve 59 opens and the cylinder 51 is
filled with atmospheric pressure.

FIG. 19 illustrates the second stage. In this stage, the intake
valve 59 closes and the LP valve 55 opens and after a while
closes. In this way, the cylinder 51 is charged with the air from
LP 61. Thus, the cylinder pressure can go higher than atmo-
spheric pressure.

FIG. 20 illustrates the third stage. In this stage, gas in the
cylinder 51 is compressed adiabatically by the upward move-
ment of the piston 53, and the HP valve 57 opens enabling the
HP 63 to charge adiabatically, and then closes after a while.

FIG. 21 illustrates the fourth stage. In this stage, the LP
valve 55 opens enabling the LP 61 to be charged adiabatically
with the residue of the pressurized air in the cylinder 51, and
the LP valve 55 closes after a while.

FIG. 22 illustrates the fifth stage. In this step, the piston 53
returns to the BDC and the intake valve 59 opens so that the
cylinder 51 is filled by atmospheric pressure.

The above approach will result in a higher pressure in the
main tank (HP 63) compared to conventional single tank
system because the cylinder pressure is higher than atmo-
spheric pressure when the piston is at BDC at each revolution.
This pressurized air will be a source of energy to accelerate
the car using the engine as an air motor, or to supercharge the
engine in low speed to improve overall efficiency and reduce
emissions. The pressurized air can also be used in further
applications as explained more fully below.

Furthermore, both the LP and HP are charged in one revo-
Iution of the crank shaft. It is noteworthy that the compression
method of the present invention is different from multi-stage
compression since it only needs one cylinder, and it happens
in just one revolution of the crank shaft.

FIG. 23 illustrates a thermodynamics cycle of an air hybrid
engine in compression mode in accordance with the present
invention. This thermodynamic cycle can be contrasted with
that shown in FIG. 8.

The maximum theoretical amount of air mass that can be
stored in a double tank regenerative system in accordance
with the present invention is:

lic. Vip (10)
P atm Vrank " chl
Mgy = M
TamR L+ Vir
Vo

where V_, s the cylinder volume, V; » is the LP volume, and
T, 1s the atmospheric temperature. The maximum pressure
of'the main storage (HP) could be defined based on the above
equation by setting the maximum allowable temperature,
Trp max of HP. Considering

Vip
,
Veyt

Thp max

=25 =1

atm

and C,=10, the maximum pressure could go up to 137.5 bar,
which is a sizeable improvement compared to 25 bar. Conse-
quently, the aforementioned two storage tanks can increase
the stored energy by a factor of 5.
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Equation 10 can be proven with reference to FIG. 23. Air
pressure and temperature may be considered to be atmo-
spheric pressure and temperature at point 65. The maximum
amount of mass stored in the LP tank based on the above
discussion is:

PomVip (1D

oM
RTaim

mpp =

To maximize the efficiency of energy storing, the LP tank
should be cooled down. By setting the LP temperature at
atmospheric temperature, the maximum LP pressure is
defined based on equation (1) by the following relation:

Prp=PopmC, (12)

Assuming ideal gas mixing, pressure at point 67 is:

PotmVeyt + PLpVip
Vi +Vip

P (13)

Without loss of generality, the charging valve can be
assumed to open and close precisely at TDC. Thus, pressure
and temperature at point 69 will be defined by equations (14)
and (15):

Pown Veyt + PLpVip (14)
Pyy= ——F——C;
Vou + Vip
T3 = Tom C< 1s)

Equation (14) expresses the maximum pressure of the air in
the cylinder. Considering an ideal gas mixing process and
heat transfer, the maximum pressure in the HP tank can be
expressed by the following relation:

Py (16)
Pupmax = T TP max

Thp
= Paim—— Cr(

CVip + chl]
Tarn

Vip + Vey

The maximum amount of mass stored in HP is also defined
by equation (17):

PrpmaxVip an

MEPmax = M

RT1p max

Vup c (CrVLP + chl]
Vip + Ve

M

The above system can be shown to increase the compres-
sion achievable using two tanks instead of one. Table 5 illus-
trates example vehicle specification for use in a simulation.

TABLE 5
Vehicle Mass 1400 kg
Vehicle Initial Velocity 90 km/hr
Vehicle Final Velocity 10 kmv/hr
Transmission Ratio 5.7
Cylinder Volume 2L
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TABLE 5-continued

HP Volume 3
LP Volume
Air Tank Temperature
Air Tank Initial Pressure
Compression Ratio

g =
EW

FIG. 24 illustrates the pressure in the HP. As can be seen,
pressure increases to more than 50 bar. FIG. 25 illustrates
braking force versus time.

As shown in Table 6, the efficiency of energy storing is
44%, which is significantly better than by using the single
tank implementation. This significantly increases the capac-
ity of energy storing and efficiency of regenerative braking.

TABLE 6
Maximum Pressure in the Tank 524 bar
Braking Time 83 s
Efficiency 44%

The maximum pressure achievable in the HP, when two
tanks are provided, can be expressed as:

1+ R U
+CRZ
Tonax Vo
P2= CR(TO) o
Vo
where T, is the maximum allowed temperature of the HP,

V,, is the cylinder volume, V, is the LP volume and T, is the
atmospheric temperature. The maximum pressure in the main
storage is a function of

Vi
Vo

Tinax

Ty

when two storage tanks are provided. Assuming a case
wherein

Tonax Vi
— =25and — =1,
To Vo

it can be shown that the maximum pressure could increase to
137.5 bar, a great improvement over the prior art that can
reach only 25 bar. Consequently the use of two tanks can
increase the stored energy by a factor of 5. The above men-
tioned system can not only increase the capacity of energy
storing, but also improve the efficiency of the air motor mode.

Effect of Adding More Tanks

It is possible to use n air tanks wherein the last one is the
main (or HP) tank. FIG. 26 illustrates an n air tank implemen-
tation. The initial pressure of each air tank may be given by P,.
These air tanks may be filled using the same procedure pre-
sented above, but with each air tank being charged one at a
time. Therefore, the cylinder may begin by being filled at
atmospheric pressure, then the charging valves of each air
tank except the last one (main/HP) may successively open
and close. Next, the piston may move up to Top Dead Point
(TDP) and compress the air adiabatically. Finally, as illus-
trated in FIG. 27, the charging valves of all the air tanks may
open and close in reverse order one by one from the main air
tank to the first air tank.
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Defining

Vi

Q= ———
Vo+ Vg

and

where V,, is cylinder volume and V, is k air tank volume, the
cylinder pressure, after feeding the cylinder with k” tank, P ~,
can be calculated using following relation:

k

Z%‘Pi ﬁ 1-a)

T =

k
Ph=Pa| [(L—a)+
i=1

i

The cylinder pressure at the end of feeding the cylinder by
n- air tanks may be given by:

n—1

n-1 n-1
Pt = Pan| [(1-a) +Zw;P; [Ta-an
i=1

T J=itl

i=

After the piston moves up to the TDP, the cylinder pressure
after compression may be given by:

(C.R)™

n-1
[Ta-ep

J=itl

Pi=

L -1
arml_[(l—wi)+ E a;P;
i=1 C
=

Next the charging valve of main air tank (HP) may open.
The pressure after feeding the HP can be calculated as fol-
lows:

n—1

ZQ;P; ﬁ (1-aj)

= J=itl

n—1
Po=(1=B)| Pan| [(1-a)+ (C.R)™ +B,P,
i=1

The charging valves of other air tanks may then open and
close, and the cylinder pressure after feeding the k™ air tank
may be given by:

(C.R)' +

n—1
[Ta-epn

=i+l

n nol nl
Pﬁ:[]:[(l—ﬁ;) Pa,mﬂ(l—a;>+ g aP;
1= = =1

2 L1
Z PLﬁLl_[ (1-58)
=k

L=k

FIG. 28 illustrates an example of the performance of regen-
erative braking using a varying number of air tanks. For the
purposes of FIG. 28, the vehicle specified in Table 6 is used
and the vehicle is decelerated from a number of different
initial velocities. Storage specifications are given in Table 7.
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TABLE 7

Storages initial pressure
Main Storage Temperature 75
Small Storages Temperature 29
Main Storage Volume 3

Small Storages Volume

oS ®S—
F‘F‘WWE‘

As can be observed in FIG. 28, the maximum pressure can
occur when two air tanks are used, regardless of initial veloc-
ity. In some cases it may appear that three air tanks provides
further advantages, however these advantages are typically
minimal compared to their added weight and complexity.

FIG. 29 illustrates the efficiency of regenerative braking
related to different initial velocities, for different number of
air tanks. As can be seen, again using two air tanks produces
the maximum efficiency regardless of initial speed.

Thus it has been shown that using two air tanks can opti-
mize regenerative braking efficiency and its performance.

It has further been found that the optimal value for the two
air tanks to have the maximum efficiency of energy storing is
as given below in Table 9. Table 8 illustrates ranges for the air
tank parameters considering physical space and temperature
limitations in a typical vehicle.

TABLE 8
Main Air Tank Volume Range [0.01-0.05] m?
Small Air Tank Volume Range [0.000001-0.005] m?
Main Air Tank Temperature Range [298-5501 K
Small Air Tank Temperature Range [298-5501 K
TABLE 9
Main Air Tank Volume 0.05 m?
Small Air Tank Volume 0.0007 m?
Main Air Tank Temperature 550 K
Small Air Tank Temperature 298 K

Itis observed that the main air tank (HP) volume should be
set as high as possible and the LP temperature should be as
cool as possible to increase the efficiency of energy storing.
This shows that in order to have maximum efficiency, the LP
should be cooled down and the temperature of the HP should
be kept as high as possible.

Efficiency reduces as the LP heats. The LP ma y be cooled
down using one of the following techniques: (i) the addition
of fins to the LP body to increase heat transter from the LP to
the surrounding (environment) air; (ii) the addition of an air
blower to increase heat convection rate and/or placing the LP
in the vehicle air flow path; (iii) the use of a heat exchanger
and a liquid cooling system such as the engine liquid cooling
system; or (iv) any combination of the above three tech-
niques.

Additionally, the compression process in the cylinder heats
the inlet air to the HP. The heat is a part of the energy recovery
during regenerative braking periods. Insulation of the HP may
be used to reduce heat losses from the HP. The technique used
for insulation of the HP includes any known insulation tech-
nique.

Simulation

The above findings can be supported by simulation using
commercially available tools such as GT-Power™ and MAT-
LAB-SIMULINK™. By modelling the system, the optimum
regenerative braking efficiency can be shown to have two
storage tanks as provided above.
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FIG. 30 illustrates the air hybrid engine model in GT-
Power with only one air tank. FIGS. 31 and 32 illustrate
vehicle velocity and air pressure, respectively, in the main air
tank during braking. As can be seen, the air tank pressure goes
up to only 19 bar.

FIG. 33 illustrates the same air hybrid engine model in
GT-Power with two air tanks. FIGS. 34 and 35 illustrate the
vehicle velocity and air pressure, respectively, in the main air
tank (HP) during braking. As can be seen, using two air tanks
significantly decreases the braking time and increases the air
pressure in the HP from 19 bar to 30 bar.

Experiment

FIG. 36 illustrates a test apparatus for verifying the single
stage double tank engine apparatus of the present invention. A
servo DC motor is connected to a flywheel through an elec-
tromagnetic clutch. There is also an electromagnetic brake
mounted on the shaft. The electric motor shaft is connected to
the engine shaft by a timing pulleys set with the ratio of 60/28.
The engine shaft is connected to the engine and an absolute
encoder. The encoder’s signal defines the accurate angular
position of the crank shaft w.r.t. Top Dead Center (TDC). The
engine cylinder is connected to the LP and HP tanks through
solenoid valves which are controlled by a Beckhoff PLC
controller as shown in FIG. 5. The experimental results are
then compared with the mathematical model.

A Kohler single cylinder engine with the displacement
volume of 426 cc is provided. The engine and air tanks’
characteristics are shown in Table 10.

TABLE 10

Engine and air tanks’ characteristics

Bore 90 mm
Stroke 67 mm
Compression ratio 8.5
LP volume 450 cc
HP volume 21

High-speed solenoid valves are used in this project to
implement and compare the single stage double tank and
single stage single tank compression strategies.

The conventional cylinder head is completely removed and
a new cylinder head is designed and fabricated. The cylinder
head configuration is shown in FIG. 37. In this configuration,
a check valve with relatively low breaking pressure is directly
mounted on the cylinder head to let the atmospheric air flow
into the cylinder when the piston goes down. A manifold is
also designed and manufactured to connect the cylinder to
other parts of the setup. Two solenoids (‘1° and ‘2°) are
mounted directly on this manifold. The first solenoid con-
nects the cylinder to the environment and is only active during
start up or emergency braking. The second one connects
cylinder to the tank set. Solenoids ‘3” and ‘4’ are LP and HP
valves, respectively. The selected solenoid valves have the
characteristics listed in Table 11.

TABLE 11

Solenoid valves characteristics

Response Time 20 ms
. 2.5 m*h
Maximum allowable temperature 100 ¢

FIGS. 38(a) and (b) illustrate approximate valve timing of
single tank and double tank compression strategies respec-
tively based on crank angle. Valve ‘1’ is always closed, valve
2’ is always open, and valve ‘4’ opens after BDC and closes
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in the vicinity of TDC. Valve ‘3°, which is only activated in
double tank system, opens and closes twice in each engine
revolution—once after TDC and once after Bottom Dead
Center (BDC).

Following the valves timing depicted in FIG. 38, single
tank and double tank compression strategies can be imple-
mented and compared experimentally. The ICE speed is set to
42 rpmto ensure that all the solenoid valves have enough time
to switch on and off. However, the same result could be
expected for higher engine speeds.

Valve ‘2’ is opened at first to let the ICE rotate without
negative torque. Then, the PLC activates the regenerative
cycle by closing the second valve and controlling other
valves, based on FIG. 38. This procedure is done for the single
tank regenerative system and for the double tank systems by
activating and deactivating the third valve.

The experimental and mathematical results are shown in
FIG. 39.

Table 12 shows solenoid valve timing for the single tank
system. As can be seen, solenoids ‘1” and ‘3’ are closed,
solenoid ‘2’ is always open, and solenoid ‘4’ is activated
based on the crank angle.

TABLE 12

Solenoid valves activation

Solenoid 1° Always closed
Solenoid 2’ Always open
Solenoid 3’ Always closed
Solenoid ‘4’ Opens from 290 to 360 CAD

The mathematical model and experimental results for the
HP tank pressure are shown in

FIG. 39. A close correlation between the theoretical model
and the experiment can be seen. The tank pressure increases
to more than 3 bar after 60 seconds, but the rate of pressure
increase decreases rapidly with time. It is noteworthy that
since the cylinder head is completely replaced with a new one,
the compression ratio of the system is decreased from 8.5
(Table 1) to less than 4 because the volume of the manifold
and all the connecting pipes are added to the dead volume of
the cylinder. However, the actual compression ratio of the
engine can be preserved if a camless valvetrain is utilized.

Table 13 shows solenoid valve timing for the double tank
system. Solenoid ‘3’ switches on and off twice in each cycle,
once in the vicinity of TDC and once in the vicinity of BTC.
The results are shown in FIGS. 56 and 57.

TABLE 13

Solenoid valves activation

Solenoid 1° Always closed

Solenoid 2’ Always open

Solenoid 3’ Opens from 170 to 190 and from 5 to 25 CAD
Solenoid 4’ Opens from 290 to 360 CAD

As can be seen in FIG. 40, the HP pressure increases to
more than 4 bar after 60 seconds for double tank system. The
theoretical model also shows good agreement with the experi-
ment. FIG. 41 illustrates the LP pressure variation. As can be
seen, the LP works as an auxiliary tank which stores the
unused pressurized air at TDC and delivers it back to the
cylinder at BDC.

FIG. 42 shows the experimental results for single tank and
double tank compression after 120 seconds. There is a limit to
the air pressure in the HP (about 3.2 bar) when single tank
compression is used. The HP pressure remains almost con-
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stant after passing 50 seconds from the beginning of the
experiment. However, using the double tank compression
method, not only does the pressure increase to more than 4.7
bar, but the rate of pressure change is also positive, which
means that the pressure goes even higher than 4.7 bar after
120 seconds. It should be noted that the results are obtained
with fixed valve timing and a much greater difference
between single tank and double tank system performance
could be expected if valve timings are optimized based on the
LP and HP tank pressures. The experimental result shown on
FIG. 42 indicates about 70% improvement in storing pressure
after 120 s by utilizing the double tank compression method
which proves the efficacy of the present invention.

Camless Valvetrain Implementation

The present invention provides a camless valvetrain with
fixed timing at different modes of engine operation. In this
approach, valve timing is kept constant at each mode but it
changes with the change of the engine’s operational mode by
using a solenoid. FIG. 43 illustrates the camless valvetrain of
the present invention, in one aspect thereof. In particular, FIG.
43 illustrates a camless valvetrain for a single tank air hybrid
engine configured in accordance with the present invention.

The desired load at each mode is obtained by utilizing two
throttles as shown in FIG. 43. This approach can be used both
in single and multi-tank air hybrid engines. In this configu-
ration, the first throttle is active at the conventional and air
motor modes to control the amount of traction load and the
second throttle is activated at the regenerative braking mode
(compression mode) to control the amount of braking torque.
In this way the camless valve train with fixed timing can be
used to implement an air hybrid engine.

The present invention, in one aspect thereof, provides a
system for adapting a two tank air hybrid engine apparatus for
an existing four cylinder engine. It should be understood that
present invention can be readily adapted for an existing
engine having any number of cylinders. As described above,
atypical air hybrid engine has an extra valve that is connected
to the air tank. However, considering that current typical
engines have four valves on the cylinder head, there may not
be enough room for adding one or two more valves. Since
there is no room on the cylinder head for adding charging
valves, it is necessary to connect two storage tanks without
adding more valves on the cylinder head. This can be accom-
plished using the configuration shown in FIGS. 44 to 46. In
this configuration, four three-way valves (indicated by a
circle) and a fully flexible valvetrain such as camless val-
vetrain may be used.

FIG. 44 illustrates the configuration during braking in com-
pression mode. In this mode, one of the intake valves 73 of
each cylinder is connected to the HP 63, the two exhaust
valves 77, 77 are connected to the LP 61 and the other intake
valve 79 is connected to the intake manifold 83 to suck the
atmospheric air by controlling the four three-way valves.

FIG. 45 illustrates the system configuration in the conven-
tional combustion mode. In this mode, intake valves 73, 79
are connected to the intake manifold 83 and exhaust valves
75, 77 are connected to the exhaust manifold 81.

FIG. 46 illustrates the system configuration in the air motor
mode. In this mode, one of the intake valves 73, 79 is con-
nected to the HP 63 and the other intake valve 79 is connected
to the intake manifold 83. The exhaust valves 75, 77 are
deactivated. In this way, cooling the exhaust treatment system
is avoided.

FIG. 47 illustrates the system configuration in the air assist
(supercharged) mode. In this mode the intake valves 73, 79
are connected to the HP 63 and the exhaust valves 75, 77 are
connected to the exhaust manifold 81.
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Thus, utilizing the proposed configuration, different modes
of operation could be implemented without adding any extra
valves to the cylinder head.

As previously mentioned, existing valvetrains may not be
optimal when used with air hybrid engines due to the need of
different valve timing requirements in air hybrid engines.

Cam-Based Valvetrain Implementation

One of the most important challenges of implementing an
air hybrid engine is the inevitability of using fully flexible
valvetrain in air hybrid engines to implement all the opera-
tional modes. Although conventional valvetrains limit the
performance of an engine and cannot practically be used in an
air hybrid engine, they have definite operational advantages,
as the valve motion is governed by a cam profile designed to
confine the valve seating velocity and lift [4]. The seating
velocity in a cam-based valvetrain is limited below 0.5 m/s
[4], which leads to durability and low noise [4]. In contrast, a
flexible camless valvetrain with no direct mechanical connec-
tion with the engine, introduces a difficult control problem.
Consequently, advanced control techniques may be applied to
perform accurate valve timing and low seating velocity at a
wide range of engine speeds, which increases the cost and
complexity of the system.

The present invention provides a cam-based flexible val-
vetrain with fixed timing at different modes of engine opera-
tion. The cam-based flexible valvetrain can use for example
V-tec™ technology and a plurality of directional air flow
regulators to implement the compression braking mode, con-
ventional mode and start up mode in an air hybrid engine.
V-tec technology enables selective engagement of a particu-
lar cam to each valves for particular desired engine modes, as
is known. The directional air flow regulator may, for example,
be a check valve.

FIG. 48 illustrates a cam shaft arrangement in accordance
with the present invention. FIG. 64 illustrates a front view of
the cam shaft arrangement. FIG. 65 illustrates a cross sec-
tional side view of the cam shaft arrangement along the line
65-65 in FIG. 64.

The cam shaft arrangement includes a cam shaft 85 and a
cam follower shaft 87. The cam shaft 85 and cam follower
shaft 87 are disposed in substantially parallel alignment. An
engine cylinder for use with the cam shaft arrangement has
two valve control arms 89, 91 that can be selectively coupled
to cam followers radially extending from the cam follower
shaft.

The cam shaft includes one two-stroke cam 93 and one
four-stroke cam 95 disposed around the cam shaft for each
valve. The cam follower shaft has a two-stroke cam follower
97 radially extending therefrom that follows the travel of the
two-stroke cam as the cam shaft rotates. The cam follower
shaft has a four-stroke cam follower 99 radially extending
therefrom that follows the travel of the four-stroke cam as the
cam shaft rotates.

The four-stroke cam follower is coupled to the valve during
conventional mode. Coupling the four-stroke cam follower to
the valve will result in conventional valve timing (for
example, about 280° of CAD opening for the intake valve and
about 300° of CAD opening for the exhaust valve).

The two-stroke cam follower is coupled to the valve during
compression mode or start up mode. Coupling the two-stroke
cam follower to the valve will result in 140° of CAD opening
for the intake valve and 150° of CAD opening for the exhaust
valve.

Utilizing this cam shaft apparatus, the engine can operate
as a four-stroke engine and two-stroke engine. Thus the
engine operational mode can be selectively changed from a
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four-stoke mode with fixed valve timing to a two-stroke mode
with another fixed valve timing.

Utilizing this arrangement, the challenge of changing the
operational modes of the engine from four-stroke to two-
stroke or vice versa, which is needed for changing the opera-
tional mode in air hybrid engines, is resolved. However, the
above valvetrain result in the fixed valves timing of 140° of
CAD or 150° of CAD at two-stroke operational modes which
might not be desirable. For example, as discussed in the
double tank compression strategy, the charging valve
between LP and the cylinder should be opened and closed one
while the piston is in the vicinity of the BDC and once while
the piston is in the vicinity of TDC. Opening duration of 140°
of CAD or 150° of CAD makes the implementation of the
double tank compression strategy almost impossible.

To address this, the engine may also include one or more
directional air flow regulators disposed along the air flow path
to be regulated. The directional air flow regulators may be
check valves 101. The directional air flow regulators may be
disposed in the connecting means between the HP, LP, intake
manifold and the cylinder as shown in FIG. 49. The overlap of
the engine valves and directional air flow regulators provides
the desired valve timing for compressor, conventional and
start up modes. Four three-way valves 103 may also be pro-
vided for changing the operational mode.

FIG. 50 illustrates a representative valve configuration and
air flow in compression mode. In this mode, two-stroke cam
followers are coupled to the engine valves and lead to the
valves timing shown in FIG. 51. The connecting means
shown with ‘X’ (intake manifold with valve 101, HP with
valve 102, exhaust manifold with valve 103 and exhaust
manifold with valve 104) prevent air flow by means of the
cam arrangement and/or three-way valves.

Valve 102 may be connected to the intake manifold. Pro-
viding a directional air flow regulator as shown in FIG. 50 in
the connecting means between the intake manifold and valve
102 ensures that the air flow is always from the intake to the
cylinder. FIG. 51 shows the timing of the valve 102 which is
introduced by one of the two-stroke cams. As can be seen,
valve 102 is open from about 40° of CAD to about 180° of
CAD. That means the valve 102 is open when the piston is
going down and if the pressure in the cylinder is less than the
atmospheric pressure, then there is air flow from the intake
manifold to the cylinder. However if the cylinder pressure in
the cylinder is higher than atmospheric pressure at the begin-
ning of the valve 102 opening, the directional air flow regu-
lator prevents the evacuation of the cylinder through the
intake manifold.

Valve 104 is open from about 180° of CAD to about 330°
of CAD. By providing a directional air flow regulator in the
connecting means from LP to valve 104 ensures that there is
only flow from LP to the cylinder if the pressure in the LP is
higher than the pressure in the cylinder. Thus, the combina-
tion of the directional air flow regulator and engine valve 104
results in the desired flow from the LP to the cylinder when
the piston is in the vicinity of BDC.

Valve 101 is connected to the main tank (HP) and is open
from about 220° of CAD to about 360° of CAD. Providing a
directional air flow regulator in the connecting means from
valve 101 to the HP ensures that there is only air flow from the
cylinder to the HP if the cylinder pressure is higher than the
HP pressure and therefore there is no blow down from the
tank to the cylinder.

Valve 103 is connected to the LP and is open from about
350° of CAD to about 150° of CAD. Providing a directional
air flow regulator in the connecting means from the cylinder
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to the LP ensures that there is only a flow from the cylinder to
the LP if the cylinder pressure is higher than the LP pressure.

This way, the double tank strategy can be implemented by
utilizing cam-based valvetrain described above and a set of
check valves and three-way valves.

An electronic throttle system can control the engine torque
during braking by controlling the amount of air flow to the
cylinder.

FIG. 52 illustrates the valve configuration and air flow in
conventional (combustion) mode. In this mode, four-stroke
cam followers are coupled to the engine valves and lead to the
valves timing shown in FIG. 53. Air flow between the HP and
the cylinder, and the LP and the cylinder, is prevented. Valves
101 and 102 are connected to the intake manifold. Valves 103
and 104 are connected to the exhaust manifold. The typical
four-stroke.

The electronic throttle system can manage the engine
torque by controlling the amount of air flow to the cylinder.

FIG. 54 illustrates the valve configuration and air flow in
start up mode. In this mode, two-stroke cam followers are
coupled to the engine valves and lead to the valves timing
shown in FIG. 55. The valve timing is the same as compres-
sion mode, but the three-way valve configurations are differ-
ent as shown in FIG. 54. Air flow is permitted between the
intake manifold and valve 101, from the HP to valve 102, and
between the exhaust manifold and valve 104. In this mode, the
stored pressurized air in the HP is used to start the engine. The
start up mode can be activated after a long stop to avoid cold
start or after a short stop to avoid idle running of the engine
and will result in lower engine fuel consumption compared to
a combustion engine. The powertrain clutch may be option-
ally disengaged at first to let the engine run freely. This might
be the case after a long stop. The powertrain clutch could be
also engaged. In this case, the pressurized air in the tank will
be used to propel the vehicle.

Experiment

FIG. 56 illustrates a test apparatus for verifying the semi-
flexible valvetrain of the present invention. Some check
valves and three-way valves are introduced to the system
shown previously in FIG. 52. Solenoid valves 101, ‘2°, “3’and
‘4’ represent valves ‘2°, 101, ‘4’ and ‘3’ of FIG. 50 respec-
tively and are open for at least 140° of CAD to model the
system during compression braking mode.

The engine is run at 42 and 82 rpm and all the solenoid
valves are open at least for about 140° of CAD according to
FIG. 49. FIGS. 57 and 58 show the HP tank pressure after 180
s at engine speeds of 42 and 82 rpm. As can be seen, the
combination of semi-flexible valvetrain, check valves and
three-way valves can be utilized to implement the compres-
sion braking mode of an air hybrid engine. Furthermore, the
experimental results show that double tank compression strat-
egy results in higher tank pressure comparing to single tank
compression strategy. As FIG. 58, the tank pressure goes up to
more than 9 bar if the double tank compression algorithm is
employed. However, the tank pressure goes up to only 6 bar if
the single tank compression strategy is employed. This shows
that the double tank compression strategy leads to at least
60% higher pressure comparing to the single tank algorithm.

FIG. 59 shows the P-V diagram ofthe air in the cylinder. As
can be seen, employing the configuration shown in FIG. 49
enables the cylinder air cycle to be close to the ideal com-
pression air cycle shown in FIGS. 8 and 23. In other words,
introducing the check valves in the system avoids the blow
down of air from the air tank to the cylinder or from the
cylinder to the intake manifold. Thus, all the extra losses can
be avoided by utilizing the configuration shown in FIG. 49.
Using the proposed semi-flexible valvetrain, the necessity of
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using flexible valvetrain such as electro hydraulic or electro-
magnetic valvetrain is also avoided which reduces the com-
plexity of an air hybrid engine significantly.

Other Applications, Driving Engine Accessories

It should be understood that the present invention has
application in a number of areas other than improving vehicle
energy consumption in a vehicle having an air hybrid engine.

For example, the air hybrid engine of the present invention
may be coupled to a mechanical or electromagnetic clutch
and an output shaft may be operatively linked to the vehicle’s
engine accessories in a series or parallel configuration. For
example, the air hybrid engine may be coupled with an air
motor to power engine accessories such as alternators, air-
conditioning, water pump, etc

Such applications may be advantageous especially where
engine shut-off (stop-start) technology is utilized, so that use
of electrical components and accessories in a vehicle can
continue during times that an engine is not combusting, while
using relatively less stored air than would be used if the air
were driving the vehicle’s motor. The latter may be advanta-
geous to remove the linkage between a typical engine and an
alternator, for example, for driving electrical components, so
that the alternator is driven solely by the air storage tanks.

Of course, the generator could drive energy consuming
devices, such as external electrical equipment in addition to
the vehicle’s electrical equipment and accessories, if desired.

FIG. 60 illustrates a series configuration for powering elec-
trical accessories. An air hybrid engine 111 having an air tank
113 drives a shaft 115. The shaft 115 is coupled to an elec-
tromagnetic or mechanical clutch 117. The clutch 117 is also
coupled to an engine accessory shaft 119 coaxial with the
engine shaft. An air motor 121 can be driven by the air tank
113 and is operable to drive the engine accessory shaft 119. If
the tank pressure is high enough to run the engine accessories,
then the clutch 117 may be disengaged and the air motor 121
runs all or some of the engine accessories in air motor mode.
Ifthe tank pressure is not high enough, the clutch 117 may be
engaged and the engine 111 may run all the accessories in
combustion mode or air assist mode.

FIG. 61 illustrates a parallel configuration for powering
electrical accessories. An air hybrid engine 111 having an air
tank 113 drives an engine shaft 115. The engine shaft 115 is
coupled to an electromagnetic or mechanical engine clutch
117. The engine clutch 117 enables the engine shaft 115 to
selectively drive a planetary gear 123. An air motor 121 canbe
driven by the air tank 113 and is operable to drive an air motor
shaft 125. The air motor shaft 125 is coupled to an air motor
clutch 127. The air motor clutch 127 enables the air motor
shaft 125 to selectively drive the planetary gear 123. A driving
shaft 129 extends coaxially from the planetary gear 123 for
driving engine accessories. If the tank pressure is high
enough, the air motor clutch 127 is engaged and the engine
clutch 117 is disengaged. Thus, the air motor 121 drives the
planetary gear 123 and the driving shaft 129 to run all or some
of'the accessories. If the air tank pressure is not high enough,
the air motor clutch 127 is disengaged, the engine clutch 117
is engaged and the engine drives the planetary gear 123 and
the driving shaft 129 to run all the accessories
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The invention claimed is:

1. A method of compressing air, the method characterized
by: (a) adding air to a compressor at a first pressure from an air
intake valve; (b) adding air to the compressor at a second
pressure greater than the first pressure from a first air tank; (c)
adiabatically compressing the air in the compressor; (d) trans-
ferring a portion of the compressed air to a second air tank;
and (e) transferring the remaining portion of the compressed
air to the first air tank.

2. The method of claim 1, characterized in that it com-
prises, between steps (b) and (c), the further steps of: succes-
sively adding air to the compressor, at successively higher
pressures all greater than the second pressure, from one or
more additional air tanks.

3. The method of claim 2, characterized in that it com-
prises, between steps (d) and (e), the further steps of: succes-
sively transferring portions of the remaining portion of the
compressed air to the one or more additional air tanks.

4. The method of claim 1, characterized in that the com-
pressor is a cylinder that includes a piston operable to com-
press air in the cylinder and the method occurs in a single
piston stage.

5. The method of claim 4, characterized in that step (a)
occurs substantially while the piston moves from top-dead-
centre to bottom-dead-centre, step (b) occurs substantially
while the piston is at bottom-dead-centre, steps (c¢) and (d)
occur substantially while the piston moves from bottom-
dead-centre to top-dead-centre, and step (e) occurs substan-
tially while the piston is at top-dead-centre.

6. The method of claim 1, characterized in that the com-
pressor is a Vane type rotary compressor having the air intake
valve coupled to a relatively largest compartment, the second
air tank coupled to a relatively smallest compartment, and the
first air tank coupled to a first relatively mid-size compart-
ment between the air intake valve and the second air tank
along the compressor’s rotation path and to a second rela-
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tively mid-size compartment between the second air tank and
the air intake valve along the compressor’s rotation path.

7. The method of claim 1, characterized in that it comprises
the further step of powering a pneumatic device using at least
some of the compressed air stored in the second air tank.

8. The method of claim 1, characterized in that it comprises
the further step of powering an air motor using at least some
of the compressed air stored in the second air tank.

9. The method of claim 1, characterized in that it comprises
the further step of powering an air hybrid engine in start up,
air assist, or air motor mode using at least some of the com-
pressed air stored in the second air tank.

10. An air compression apparatus characterized by: an
intake manifold; a low pressure air tank; a high pressure air
tank; a plurality of cylinders, each cylinder having a piston, a
first intake valve selectively enabling directional air flow
between the intake manifold and the cylinder or from the
cylinder to the high pressure air tank, a second intake valve
selectively enabling air flow from the intake manifold to the
cylinder or from the high pressure air tank to the cylinder, a
first exhaust valve selectively enabling air flow between the
exhaust manifold and the cylinder or from the cylinder to the
low pressure air tank, and a second exhaust valve selectively
enabling air flow from the low pressure air tank to the cylinder
or between the exhaust manifold and the cylinder; and a cam
shaft having a two stroke cam and a four stroke cam for each
intake valve and exhaust valve; wherein the cam shaft is
movable from a first position linking the two stroke cams to
the intake valves and exhaust valves and a second position
linking the four stroke cams to the intake valves and exhaust
valves for selectively charging, discharging and storing air in
the low pressure air tank and high pressure air tank.

11. The air compression apparatus of claim 10, character-
ized in that it further comprises an exhaust manifold.

12. The air compression apparatus of claim 11, character-
ized in that it provides an air hybrid engine operable to selec-
tively charge the high pressure air tank to store compressed air
and to selectively discharge the high pressure air tank to drive
the plurality of cylinders.
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13. The air compression apparatus of claim 11, character-
ized in that the apparatus is an air hybrid engine and further
comprising: an engine accessory shaft linked to one or more
energy consuming devices; a drive shaft driven by the air
hybrid engine a clutch for selectively coupling the drive shaft
to the engine accessory shaft; and an air motor coupled to the
drive shaft, the air motor powered by compressed air stored in
the high pressure air tank; wherein the clutch is disengaged
when the air motor is operable to provide energy sufficient to
energize the energy consuming devices and the clutch is
engaged otherwise.

14. The air compression apparatus of claim 13, character-
ized in that the drive shaft and the air motor are coupled to the
energy accessory shaft by a planetary gear.

15. The air compression apparatus of claim 10, character-
ized in that it further comprises a plurality of three-way valve
for the selective enablement of air flow.

16. The air compression apparatus of claim 10, character-
ized in that it further comprises a plurality of directional air
flow regulators for directional enablement of air flow.

17. The air compression apparatus of claim 16, character-
ized in that the directional air flow regulators are check
valves.

18. The air compression apparatus of claim 10, character-
ized in that it further comprises a cam follower shaft disposed
substantially parallel to the cam shaft and having a two stroke
cam follower operably coupled to each two stroke cam and a
four stroke cam follower operably coupled to each four stroke
cam, and wherein the two stroke cam followers link the two
stroke cams to the intake and exhaust valves and the four
stroke cam followers link the four stroke cams to the intake
and exhaust valves.

19. The air compression apparatus of claim 10, character-
ized in that air is selectively charged and discharged when the
two stroke cams are linked to the intake and exhaust valves
and the air is stored when the four stroke cams are linked to
the intake and exhaust valves.

#* #* #* #* #*
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